INTRODUCTION
The geochemical composition of siliciclastic sedimentary rocks is a sensitive indicator of provenance, source area weathering and tectonic setting (Taylor and McLennan, 1985; Roser and Korsch, 1988; Cullers, 2000) . Numerous studies have shown that the relatively immobile trace elements (e.g., REE, Y, Sc, Co, Zr and Cr) compositions could be effectively remained in the solid load during erosion and sedimentation, and preserve the chemical signatures of source rocks (Bhatia and Taylor, 1981; Bhatia, 1983 Bhatia, , 1985 Crichton and Condie, 1993) . The negative Eu anomaly is usually detected in clastic sedi-to shed light on the provenance and tectonic setting for sedimentary basin (Cullers, 2000; Bauluz et al., 2000; Savoy et al., 2000; Li, X. H. et al., 2003; Zhang, 2004; Armstrong-Altrin et al., 2004; Joo et al., 2005; Rahman and Suzuki, 2007; Chakrabarti et al., 2007) .
The Jiyang depression is one of the most petroliferous petroleum provinces in the Bohai Bay Basin, Eastern China, and develops very thick sedimentary rocks (over 4000 m) of interbedded mudstones, siltstones and sandstones during Cenozoic time. These sedimentary rocks provide record for their provenance and tectonic evolution of the basin. It has attracted attention of many researchers for its petroleum geology, especially for the abundance, occurrence and diversity of petroleum source rocks (Fai and Wang, 1993; Lu et al., 1997; Zhang and Shi, 2003; Li, X. H. et al., 2003; Wang et al., 2005) . The tectonic evolution and depostional history are also well constrained for the basin, but the knowledge about the provenance evolution of sedimentary rocks and the erosional history of surrounding paleohighs/uplifts is still not well known. Because only a few studies paid attention to these issues, it is still unclear about the regional paleogeography and sedimentary provenance. Previous investigations indicated proximal provenance for the Paleogene sedimentary rocks in the Jiyang depression, but some researches suggested recently distal source sedimentation in Dongying Sag (Wang and Qian, 1997; Ma, 2005; Pu et al., 2005) . On the other hand, Cai (2001) analyzed the mineralogy of sedimentary rocks from the Dongying Sag, suggesting that the source rocks of Kongdian formation (Ek) and lower Shahejie Formation (Es4) are Mesozoic igneous rocks and sedimentary rocks, and the Paleozoic strata have not yet been completely denuded during the deposition of upper Es4 member, then the source rocks of Es3 changed to old Archean rocks outcropping the surrounding highs. Furthermore, the tectonic activities taken place in the depostional period of upper Dongying formation (Ed), make it more complex to understand the sedimentary filling evolution of these Cenzoic strata. Therefore, it is necessary to look for new methods in order to deduce the historical evolution of the Jiyang depression. To date, however, few geochemical data of sedimentary rocks from the basin were published to investigate sedimentary provenance and denudation of the surrounding highs/uplifts during Tertiary (Cao et al., 2007; Cai et al., 2007 Cai et al., , 2008 . 
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Therefore, this study compiles the geochemical compositions of a set of samples from the Dongying Sag (data were analyzed in this study) and Zhanhua Sag (data were from our companion work published by Cai et al. (2007 Cai et al. ( , 2008 ) with the following aims: (a) to characterize the elemental (major and trace elements) and isotopic (Sr, Nd isotope) compositions for Paleogene sedimentary rocks from the Dongying Sag; (b) to interpret the nature of source rocks for sedimentary rocks from the Dongying Sag; (c) and to deduce the evolution of provenance and denudation of the surrounding highs/uplifts in the Jiyang depression during the Cenozoic.
GEOLOGICAL SETTING
The Bohai Bay Basin, located in the eastern North China Block, is bordered by the Tan-Lu faults, Yanshan orogens, Taihang mountains, and Luxi uplift to the east, north, west, and south, respectively (Fig. 1a) , and it has experienced a complex tectonic evolution characterized by intense fault-block rifting and active magma movement since late Mesozoic. Between late Permian and Triassic, the North China block and the South China block collided, and then Eastern China experienced widespread tectono-thermal reactivation during the Late Mesozoic and Cenozoic, as indicated by emplacement of voluminous late Mesozoic granites and extensive Cenozoic volcanism (Ren and Du, 1989; Zhang, 1997; Allen et al., 1997) . The rifting of eastern China took place between late Cretaceous and Oligocene. As a result, many basins, including the Bohai Bay basin, formed across a vast area of eastern China. The most important regional tectonic control on the initiation and development of Bohai Bay Basin was probably subduction rollback of the Pacific plate relative to the eastern margin of Asia (Hu et al., 1986; Shuai and Wang, 1993; Lu et al., 1997) . The Jiyang depression, one of these rifted basins, was characterized by three different stages during its tectonic evolution: (a) an initial rifting and subsidence in the Eocene period, (b) a syn-rift intensive rifting and subsidence in late Eocene and Oligocene Wang et al., 2005) . The waves represent regional discontinuity.
Fig. 2. Stratigraphic framework of the Jiyang depression (modified after
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period, and (c) a post-rift subsidence from the Miocene to present (Wang and Qian, 1997) . Therefore, a cluster of half-grabens consisting of four major separated Paleogene faulted sags along major NW and NE-trending faults, including the Dongying, Zhanhua, Chezhen and Huimin Sags (Fig. 1b) , were formed in the Jiyang depression, and these sags were filled with several kilometers of alluvial and lacustrine deposits containing a large amount of fossil fuel resources (Fig. 1c) . Based on the tectonic evolution and depositional history, four tectono-stratigraphic sequences can be identified: basement sequence (consisting of pre-Mesozoic strata), lower sequence (Mesozoic and Paleogene Kongdian Formation), upper sequence (Paleogene Shahejie and Dongying Formations) and uppermost sequence (Neogene Guantao, Minghuazhen, and Pingyuan Formations) (Fig. 2 , Ren and Du, 1989; Liu et al., 1992) . The regional metamorphic basement in the Jiyang depression is composed of Archaean and Proterozoic crystalline rocks, and marine carbonates of neritic platform facies were deposited during the early Paleozoic (Cambrian and Ordovician), then a series of littoral coal-bearing sedimentary rocks were formed from the Middle Carboniferous to the Early Permian, and lacustrine and fluvial clastic rocks with several coal-bearing beds were deposited in the period of late Triassic-Cretaceous (Yang et al., 1986; Allen et al., 1997; Wang and Qian, 1997 Geochemistry of Cenozoic sedimentary rocks of the Dongying Sag 37 tions, and the Neogene Guantao (Ng) and Minghuazhen (Nm) formations. The Es formation can be further subdivided into four members (Es4, Es3, Es2, and Es1 from old to young in turn), among which the Es4 was deposited during the initial rifting stage, and the Es3 syn-rift sedimentary rocks consist of dark mudstones, shales, and oil shales of deep freshwater lacustrine facies, while the Es2 and Es1 were deposited during a contraction of the lake. The Ed formation typically consists of fluvial and shallow freshwater lacustrine grey mudstones and sandstones. The Ng and Nm formations comprise widely distributed fluvial deposits unconformably overlying the Paleogene formations. On the other hand, during the Cenzoic tectonic evolution of the Jiyang depression, three main igneous belts, Jinjia-Caoqiao, Linyi-Binxian, Wudi-Yinan igneous belts, were developed. The igneous belts consist of Tertiary basalts which can be divided into thoteiite and alkali series Zeng et al., 1997; Zhou, 2006) . Detailed descriptions of geology and petroleum geology for the Jiyang depression can be found in Hu et al. (1989) , Fai and Wang (1993) , Wang and Qian (1997) , Li, P. L. et al. (2003) , and references therein.
SAMPLES AND ANALYTICAL METHODS
The studied samples were collected from three drilling cores (Fig. 1b) of the Es2, Es3 and Es4 members of the Shahejie formation in the Dongying Sag. A total number of 55 samples are collected and include 18 samples from drilling hole J1502-1, 28 samples from drilling hole L11, and 9 samples (mainly grey-black marlite and mudstones) from drilling hole DF5 (Fig. 3) . Due to the oil company's different needs for hydrocarbon exploration, the sampling in the Dongying Sag was not successive. The compositions of major mineral phases of the samples were determined by both thin section microscope and X-ray diffraction (XRD) analysis. The XRD analysis was performed by an X' Pert PRO DY2198 at the State Key Laboratory of Geological Processes and Mineral Resources, Chinese University of Geosciences (Wuhan). The compositions of heavy minerals were counted under a binocular microscope after separation by a pan.
Rocks chips were powdered to a grain size of <200 mesh by an agate mortar, and then baked at 670°C for 30 minutes to destroy organic matters. Major elements were determined by X-ray fluorescence spectrometer (XRF) at Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. Samples were prepared as glass chips using a Rigaku desktop fusion machine, formed by mixing 0.5000 g of rock powder (dried at 100°C) with 4.0000 g of lithium tetraborate for 15 minutes at 1200°C in 95% Pt-5% Au crucibles. Loss on ignition (LOI) was undertaken on samples of dried rock powder by heating in a pre-ignition silica crucible to 900°C for 2 hours. Trace element compositions were analyzed by an inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer Sciex Ellan 6000) at the same laboratory. About 40 mg of sediment powders were dissolved in a highpressure Teflon bomb for 24 hours using HF + HNO 3 + HClO 4 mix acid. Rh was used as an internal standard to monitor signal drift during counting. The USGS and Chinese National Standards (e.g., GSR-1, GSR-2, GSR-3, and GSD-12) were chosen for calibrating element concentrations of measured samples. The analytical precision is generally better than 2% for the major elements and 5% for trace elements. Detail analytical procedures are described by Liu et al. (1996) and Li et al. (2002) . Sample powders firstly were reacted with 0.1 M HCl for 24 hours to remove carbonate, and then were dissolved in Teflon beakers by HF + HNO 3 acids for Sr and Nd isotopic analyses. Sr samples were separated by a conventional cation exchange technique, and Nd samples were prepared by passing solutions through a cation column and then an HDEHP column. Sr and Nd isotopic compositions were determined using a Micromass Isoprobe multi-collector mass spectrometer (MC-ICPMS) at the Guangzhou Institute of Geochemistry. The MC-ICPMS was operated in static mode, and the replicate analyses of NBS 987 standard and La Jolla standard during the course of this study gave values of 0.710265 ± 0.000012 and 0.511862 ± 0.000010 (n = 14) respectively. The measured ratios are normalized to 86 Sr/ 88 Sr = 0.1194 and 146 Nd/ 144 Nd = 0.7219. The total procedure blanks are in the range of 200-500 pg for Sr and less than 50 pg for Nd and are negligible. Reported errors for both Sr and Nd isotopic ratios are 2σ of the mean. Analytical proce- Quartz  29  32  39  29  46  10  21  Feldspar  22  23  24  28  26  5  17  Calcite  2  2  3  3  3  43  5  Dolomite  <1  3  <1  <1  2  18  24  Gypsum  --<1  <1  <1  5  9  Biotite  <1  <1  <1  <1  <1  <1 dures followed those of Wei et al. (2002) and Liang et al. (2003) .
RESULTS
Petrography
Seven representative samples were selected for thin section microscope and X-ray diffraction analyses. The modal percent of major and minor minerals of the samples are listed in Table 1 .
Major mineral phases include quartz, feldspars (Kfeldspar and plagioclase), carbonates (calcite and dolomite) and clay minerals. The modal percent of quartz spans a wide range of 10-46%, and those of feldspar, calcite, dolomite and clay minerals are 5-28%, 3-43%, 1-24%, and 21-46% respectively. The Es2 and Es3 sedimentary rocks have higher contents of quartz, feldspars, and clay minerals and lower contents of carbonates, relative to Es4 sedimentary rocks. The gypsum also can be found in some samples from the Es4 sedimentary rocks.
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The clay minerals comprise smectite, illite, kaolinite, and chlorite. Biotite is a common minor mineral in these sediments, with average of about 1%. The common heavy minerals observed in the four representative samples, are zircon, sphene, monazite, apatite, hornblende, pyroxene, and ferriferous minerals (including ilmenite, magnetite, and limonite). However, volcanic materials were not found under microscope in this study.
The sandstones are either dark gray or gray in hand specimen and are commonly interbedded with black mudstone or oil shale in core. The sandstones are almost subarkoses or lithic sandstones with rare quartz arenites. In summary, the analyzed sandstones are fine to medium grained with 0.10-0.25 mm diameter. The sandstones are moderately sorted overall and are occasionally well sorted, suggesting medium maturity. Silty and sandy grains are angular to sub-angular but are typically nonequant. The interstitial matter comprises clay matrix and cement. Siltstone has relatively high proportions of interstitial matter dominated by argillaceous matter.
Elemental geochemistry
Major, trace element abundances of the Paleogene Es sedimentary rocks from the Dongying Sag are listed in Table 2 and Appendix 1.
The sedimentary rocks of Es formation from the Dongying Sag have a wide range of SiO 2 contents (7.6-81.1%) with an average of 60.0%, slightly lower than that of post-Archean Australian Shale (PAAS, SiO 2 = 62.8%, Taylor and McLennan, 1985) and that of average upper continental crust (UCC, SiO 2 = 66.6%, Rudnick and Gao, 2003) . The sedimentary rocks of Es4 have significantly lower SiO 2 (average of 31.9%) contents compared with those of Es3 (average of 69.2%) and Es2 (average of 58.4%); and they also are marked by high concentrations of CaO and LOI which is due to their high content of carbonate minerals (Fig. 4a) . The Al 2 O 3 contents of the studied samples vary from 2.08% to 22.0%, with an average of 13.6%; the averages of SiO 2 /Al 2 O 3 ratios in three members are 3.31 (Es2), 5.58 (Es3) and 4.83 (Es4), similar to those of UCC (4.33) and PAAS (3.83), suggesting a moderate maturity. Compared with UCC, the Es sediments deplete in K 2 O and Na 2 O, with averages of 2.52% and 1.51% respectively, which possibly attribute to the relatively low content of feldspars that may be destroyed by chemical weathering in source areas. The K 2 O/Na 2 O ratios have a range from 0.18 to 4.58, and the averages K 2 O/ Na 2 O ratios of Es2, Es3, and Es4 are 2.27, 1.73, and 1.02 respectively. Fe 2 O 3 and MgO are mainly contained in mafic minerals, thus the relatively low content of Fe 2 O 3 (average of 4.8%) and MgO (average of 1.6%) suggest a depletion of mafic minerals in the studied samples.
Compared with PAAS, the samples have relatively low contents of V, Cr, Co, Ni, Nb, Ta, Y, Rb, and Cs, with high contents of Sr, Ba, Zr, and Hf (Fig. 4b) . The averages of Sr, Ba, Zr, and Hf are 562 ppm, 861 ppm, 213 ppm, and 5.91 ppm respectively, and the means of V, Cr, Co, Ni, Nb, Ta, Y are 85.5 ppm, 80.4 ppm, 12.5 ppm, 28.5 ppm, 10.8 ppm, 0.86 ppm, 20.7 Ni) increase from Es4, to Es3 and to Es2, while those of high field strength elements (Zr, Th, Y, Nb, Ta) decrease from Es4, to Es3 and to Es2. This trend possibly indicates a higher proportion of mafic minerals in the upper members due to the changes in source rocks and/or sedimentary environment. The average value of Th/U ratio in Es sediments is 6.47 which is higher than those displayed by the UCC (3.8) and PAAS (4.7). In general, the samples from Es4, Es3, and Es2 members have similar Th/U ratios, with averages of 6.54, 6.41, and 6.55 respectively. The Es sedimentary rocks from the Dongying Sag have a bulk REE content ranging from 63.03 ppm to 358 ppm, with an average of 182 ppm. The samples of Es4 have significant lower REE concentrations with average of 116 ppm because of the dilution effect by their high contents of carbonates. The studied samples are characterized by REE fractionation with high (La/Yb) N ratios ranging from 9.77 to 19.7 (average of 13.6), greater than that of PAAS (9.15). All samples show chondrite-normalized REE patterns similar to that of PAAS (Fig. 5) , with significant LREE enrichment, flat HREE and negative Eu anomalies (Eu/Eu* = 0.71-0.99, average of 0.80).
In a word, the samples from Es2 and Es3 members have similar geochemical compositions comparable to that of PAAS, while the elemental composition of Es4 differs from those of Es2 and Es3, characterized by their high contents of CaO, MnO, P 2 O 5 , Sr, and low abundances of the other elements.
Sr-Nd isotopic composition
Sr-Nd isotopic compositions of 16 samples from Es formation in the Jiyang depression are shown in Table 3 , and those of Nm and Ng formations are also given in Table Taylor and McLennan (1985) . (Cai et al., 2007) . The difference of SrNd isotope composition between Paleogene and Neogene sedimentary rocks from the Jiyang depression possibly implies a significant change in source rocks during their deposition.
Fig. 5. Chondrite-normalized REE patterns for Es sedimentary rocks from the Dongying Sag. PAAS is also presented as references, and data of PAAS derives from
DISCUSSIONS
Source area weathering
The weathering history of sedimentary rocks may be evaluated by examining the relationships among alkali and alkaline earth elements Young, 1982, 1984) . Chemical weathering largely involves the degradation of feldspars, which lead to the loss of calcium, sodium and potassium from feldspars; thus the amount of these elements surviving in soil profiles (and sediments) is a sensitive index of the intensity of weathering. The Chemical Index of Alteration (CIA) of Nesbitt and Young (1982) quantitatively expresses the degree of weathering of feldspars to clays; CIA = [Al 2 O 3 /(Al 2 O 3 + CaO* + Na 2 O + K 2 O)] × 100, where the CaO* refers to CaO in silicates only. Before calculation of CIA values for sedimentary rocks, it is essential to ensure that the chemical analyses represent only the silicate fraction of the rock. However, variable amounts of carbonates in the Es samples from the Dongying Sag, particularly for sedimentary rocks of Es4 member, complicate the use of CIA in evaluating paleoweathering history. We do not have CO 2 data for our analyses and thus we cannot correct for Ca in carbonates to obtain CaO*. To calculate CaO*, we have accepted the value of CaO for samples with CaO ≤ Na 2 O; for samples with CaO > Na 2 O, we assumed that the concentration of CaO is equal to that of Na 2 O (Bock et al., 1998) . The CIA values of Es sedimentary rocks from the Dongying Sag range from 50 to 80, with average of 66.8, which is relatively lower than that of PAAS (69, Taylor and McLennan, 1985) , indicating that weathering has not proceeded to the stage where alkalis and alkaline earth elements are totally removed. This is also supported by relatively high content of feldspars in the studied sediments. What's more, the CIA values of Es sediments increase from Es4 to Es3, and Es2 (Fig. 6a) , with averages of 55.1, 64.9, and 71.2 respectively, suggesting that weathering of source rocks intensified from Es4 to Es2. The average CIA value of Es2 is quite similar to those of Nm and Ng (70.3, 71.8 respectively) . Compared with smaller cations (e.g., Na, Ca), larger cations such as K, Cs, and Rb are immobilized preferentially by exchange and adsorption processes on to clays mineral surface during weathering of source rocks (Nesbitt et al., 1980; Wronkiewicz and Condie, 1987; Bauluz et al., 2000) . The K 2 O/Na 2 O ratios also increase (Fig. 6b) from Es4, Es3, to Es2 indicating a relatively low degree of chemical weathering during the deposition of Es4 member which is recorded by the high content of carbonates in the sediments. The intensive weathering during the deposition of Es2 resulted in relative high content of K, Cs, and Rb in the Es2 sediments. During intensified chemical weathering, there is also a tendency for an elevation of Th/U due to the lost of oxidized U (+6) in this process, with Th/U ratios higher than those of upper crustal igneous rocks (about 3.5-4.0, McLennan et al., 1993) . Bulk sediment analyses show Th/U ratios ranging from 6.1 to 6.8, similar to those of PAAS, corresponding to moderate chemical weathering in the source area.
The nature of source rocks
Studies on geochemistry of siliciclastic rocks have provided critical information regarding tectonic settings and provenance as well as average upper crustal composition and its evolution. Trace elements, especially the immobile elements, such as REE, Th, Cr, Co, Zr, and Y, have been considered as useful indices for sediment provenance, because their distribution is not significantly affected by sedimentary processes, diagenesis and metamorphism (McLennan, 1989; Taylor and McLennan, 1985; Wronkiewicz and Condie, 1987; Cox et al., 1995) . And these immobile elements are transferred mainly as suspended materials to the depositional site of sediments. This can be supported by the fact that REE, HFSE and transition metal concentrations are significantly higher in the suspended load than those in the dissolved load in the major rivers of the world (Goldstein and Jacobsen, 1988; Dupré et al., 1996) . In this study, the sediments from the Dongying Sag show excellent correlations between La, Th, Nb, Co, Cr, Ni, Sc and Al 2 O 3 (Fig. 7) , indicating that they are hosted in clay minerals. On the other hand, Zr, Nb correlate well with Hf, Ta respectively, suggesting they are mainly concentrated in stable heavy minerals. Therefore, these immobile elements record the characters of source rocks, and are useful for constraining the nature of source rocks.
La, Nb, Zr, Hf and Th are enriched in felsic rocks, whereas Co, Cr, Ni and Sc are more concentrated in mafic rocks. This is due to the much smaller size of the Sc, Co, Cr ion etc., allowing them to enter early crystallizing pyroxenes (Taylor and McLennan, 1985) . In Fig. 4 ples from the Dongying Sag are within the range of sediments derived from silicic sources (Cullers et al., 1987; Cullers, 1994) . These ratios are similar to those of upper continental crust, and much higher than those of mafic rocks, indicating that Es sedimentary rocks are typical upper continental crust-derived sediments. In comparison, these trace elemental ratios are greater than those of PAAS (e.g., the averages of Th/Co and La/Th ratios are 0.91, 3.91, and those of PAAS are 0.63, 2.6), possibly suggesting a much felsic source and/or fractionation effects by weathering and/or recycling (Cullers, 1994) . Therefore, it seems likely that the Es sedimentary rocks were derived from more fractionated source rocks and/or recycled sedimentary rocks. As illustrated in Fig. 8a , the studied samples were plotted in the area near the granite end-member but far from the ultramafic end-member, showing low Cr/V ratios and moderate Y/Ni ratios. It has been found out that felsic composition-dominated arcs have low and uniform La/ Th ratios (less than 5) and Hf contents of about 3-7 ppm; thus with progressive unroofing of arc rocks and/or incorporation of sedimentary basement rocks, the Hf content increase via the release of zircon (Floyd and Leveridge, 1987) . In the diagram of La/Th-Hf (Fig. 8b) , most of the Es sedimentary rocks have relatively high contents of Hf and low La/Th ratios suggesting their derivation from felsic igneous rocks. The Es4 samples have lower Hf contents relative to Es3 and Es2, possibly due to their low zircon contents and high contents of carbonates, which were deposited in sedimentary environment characterized by relatively dry and hot climate. The ternary plots of La-Th-Sc and Th-Hf-Co (Fig. 9) have been used to investigate the composition of source rocks for sediments (Bhatia, 1983; Taylor and McLennan, 1985; Bhatia and Crook, 1986; Jahn and Condie, 1995) Floyd and Leveridge, 1987) . Rudnick and Gao (2003) ; PAAS -post-Archean Australia Shale, derived from Taylor and McLennan (1985) .
Fig. 9. Geochemical characteristics of Es sediments from the Dongying Sag in the La-Th-Sc and Th-Hf-Co ternary diagrams show a single evolution trend, suggesting that felsic igneous rocks (such as granitoids) and recycled sedimentary rocks could be the source of these sediments. UCC -Upper Continental Crust, derived from
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showing a similarity in La, Th, Sc compositions with granite and granodiorite, which supports a felsic source rock. In the Th-Hf-Co diagram, all samples plot in the continental crust area and appear to be closely related to UCC and PAAS, while lie far away from average oceanic crust composition, also indicating a felsic source rock for Es sedimentary rocks in the Dongying Sag.
In addition, the REE patterns have also been used to trace the source of sediments, because basic rocks have low ∑LREE/∑HREE ratios and insignificant Eu anomalies, whereas felsic rocks usually contain higher ∑LREE/ ∑HREE ratios and negative Eu anomalies (e.g., Cullers and Graf, 1984; Cullers, 1994) . The Es sedimentary rocks essentially show similar chondrite-normalized REE patterns to those of PAAS (Fig. 5) , with significant LREE enrichment relative to HREE and negative Eu anomalies; and the averages of ∑LREE/∑HREE and Eu/Eu* in Es4, Es3, Es2 are 10.5, 11.9, 11.6 and 0.73, 0.84, 0 .76 respectively. Furthermore, the Archean continental crusts are mainly composed of tonalite-trondhjemite-granodiorite (TTG) rocks characterized by high Eu/Eu* and (Gd/Yb) N ratios (Eu/Eu* > 0.83, (Gd/Yb) N >2, Condie, 1993) . Accordingly the moderate negative Eu anomalies (Eu/Eu* = 0.71-0.99, average of 0.80) and low (Gd/Yb) N ratios (from 1.27 to 2.41, average of 1.82) in the Paleogene Es sedimentary rocks imply that their source rocks are mainly composed of post-Archean felsic igneous rocks and recycled sedimentary rocks.
The range of Nd and Sr isotopic values in any basin is the result of the geology and geologic evolution of source region; therefore, the Nd and Sr isotopic values of finegrained sediments may be unique indicators for basin discrimination and stratigraphic correlation (Mahoney, 2005; Frost et al., 2005; Zhang et al., 2007) . Different crustal domains have different average isotopic compositions, which may be broadly grouped into: 1) old continental material (ε Nd (0) < -6 and higher 87 Sr/ 86 Sr); 2) transitional crust (ε Nd (0) between -6 and +5); and 3) juvenile crust (ε Nd (0) > +5 and lower 87 Sr/ 86 Sr) (DePaolo and Johnson, 1979; McLennan et al., 1990; Basu et al., 1990; McLennan and Hemming, 1992) . If the sediments of a basin are derived from two or more domains, thus the isotopic signature of sediments primarily represents variable degrees of mixing between detritus from different domains (Michard et al., 1985; Jahn and Condie, 1995; Patchett et al., 1999; Farmer et al., 2001) . For example, in a sedimentary sequence, an increase in ε Nd (0) corresponds to an increased contribution of radiogenic Nd to the sediment, which may result from an addition of juvenile material or from termination of old crustal input. (Shen et al., 2002; Zhao, 2006; Guo et al., 2006) , Mesozoic granites (Hong et al., 2003; Wu et al., 2005) , Archean-Proterozoic metamorphic rocks (Wan et al., 1999; Xue et al., 2006) are also illustrated.
In the present study, Nd/ 144 Nd values relative to those of Neogene sedimentary rocks from the Zhanhua Sag, indicating a significant change in provenances during their deposition. During Early Cenozoic evolution of the Jiyang depression, extensive tectonic-magmatic activities had taken place, which resulted in three igneous rock belts (Zhou, 2006 (Shen et al., 2002; Zhao, 2006; Guo et al., 2006) . In Fig. 10 , the samples show a decrease in 143 Nd/ 144 Nd and an increase in 87 Sr/ 86 Sr from Paleogene Es formation to Neogene Ng and Nm formations. The change in Sr-Nd isotopic compositions in these sediments indicates that regional volcanism supplied some fragments (volcanic ash and dust) to the basin during the Paleogene. Although those volcanic materials are not found under microscope in this study, possibly due to the limited samples collected from the drilling cores, basic volcanic clasts were reported by Shuai and Wang (1993) , Wang and Qian (1997) Nd = 0.5105-0.5120, Wan et al., 1999; Xue et al., 2006) , which extensively outcropped in the surrounding uplifts.
The implication of provenance evolution
According to the above analysis, the source rocks for the Paleogene sedimentary rocks from the Dongying Sag are mainly composed of post-Archean sedimentary rocks and felsic rocks. During the Eocene and Oligocene, the Jiyang depression was characterized by intensive rifting and subsidence, therefore, the sags such as Dongying Sag, and Zhanhua Sag were surrounded by high mountains (possibly up to 1000 m, Xiao, 2006) , and the detritus from them were deposited in a close lake. Although the Yanshan Orogens and Taihang Mountains bordered to the Bohai Bay basin to the north and west, the analysis of paleogeography and sedimentary facies in the studied region did not support that there were supply of sediments from those two regions. The Cangxian, Neihuang, and Chengning uplifts acted as obstacles to stop transportation of those materials to the Jiyang depression (Wang, 1985) . The west-tilting topography of China was gradually reversed with the uplift of the Tibetan plateau and the opening of marginal seas in Paleogene, resulting in fluvial system radiating from the uplifted center of the continent (Wang, 2005) . What's more, there are no evidences indicating that the eastward river deltas of the Changjiang and Huanghe were formed before Pleistocene (Wu and Li, 1987; Wang, 1998 Wang, , 2005 . Therefore, the similarity in geochemistry between the Es sedimentary rocks from the Dongying Sag and Paleo-Mesozoic sedimentary rocks outcropping in the surrounding highs (Fig. 11) , such as the Chenjiazhuang, Kendong, and Guangrao highs, indicates that the studied sedimentary rocks had Rudnick and Gao, 2003 Yan and Chi (1997) . 
Sample/UCC
relatively proximal provenance. This is possibly due to the extensive tectonic activity combined with higher topographic height difference, which result in the development of alluvial fans and fan delta in the basin during Paleogene (Wang and Qian, 1997 Xue et al., 2006) . Therefore, one possible explanation for the increase of 87 Sr/ 86 Sr from Es samples to Ng and Nm samples is that the Es sedimentary rocks contain few siliciclastic detritus eroded from the old continental rocks, while the Ng and Nm sediments contain more siliciclastic detritus derived from Archean and Proterozoic basement. Cai (2001) carried out a mineralogical investigation on the erosional history in the studied area, and suggested that the Paleozoic sedimentary covers may be eroded by the end of lower Es3, so there is a wide area of Archean-Proterozoic basement rocks exposing at the uplifts and highs. If that is true, the Es3 sedimentary rocks possibly have high Na/K, Eu/Eu*, (Gd/Yb) N , Zr/Nb, 87 Sr/ 86 Sr ratios and low La/Co, Th/Co, Th/Nb ratios, which implies a significant contribution of old continental materials. However, according to the nature of source rocks deduced in this study, the Es2 and Es3 samples are marked by low Na/K, Eu/Eu*, (Gd/Yb) N , Zr/Nb, 87 Sr/ 86 Sr ratios and high La/Co, Th/Co, Th/Nb ratios, which indicates that the Paleozoic sedimentary rocks covering the old metamorphic crystalline basement rocks could not be totally denuded at the surrounding highs during the depositional period of Es2. This inference is also supported by the fact that Paleozoic sedimentary rocks still can be founded in some highs and uplifts, for example, the Yihezhuang, and Gaoqing highs (Xiao, 2006) . On the other hand, the development of sedimentary systems also suggests a great change in source provenance for sedimentary rock in the Jiyang depression. The Chenjiazhuang high is the main source region during the deposition of Ek and Es4 members in Dongying Sag, then it change to Kendong high in the east during the sedimentation of Es3 and upper Es2 members (Ma, 2005) . During the deposition of Ng and Nm formations, the Jiyang depression evolved to thermal subsidence stage, and the accommodation of low sags were filled by fluvial sediments; therefore, the source rocks of the sediments changed from a proximal source to a relatively distal source. Furthermore, the paleocurrent data conducted by Wang et al. (1992) , which suggests that the Neogene sediments are mainly derived from Luxi and Chengning uplifts transported by rivers; and these fluvial sediments covered directly over those surrounding highs since the depositional period of upper Ng formation.
CONCLUSIONS
Relative to the post-Archean Australian Shale (PAAS) and upper continental crust (UCC), the Cenozoic sedimentary rocks in the Jiyang depression have low contents of Cr, Co, Ni, high concentrations of REE, Th, Zr, Nb, Ta, and La/Co, Th/Cr and Zr/Y ratios. The average Th/ Co ratio is 0.91, higher value than that of PAAS (0.63); and the average La/Th value is 3.91, slightly higher value than those of UCC and PAAS. All samples show chondrite-normalized REE patterns similar to that of PAAS, with significantly LREE enrichment (average (La/ Yb) N = 13.63), flat HREE (average (Gd/Yb) N = 1.82) and negative Eu anomalies (Eu/Eu* = 0.71-0.99, average of 0.80).
In the geochemical discrimination diagrams (e.g., La/ Th-Hf, La-Th-Sc, and Th-Hf-Co), the studied samples were plotted in the area of felsic rocks rather than mafic rocks, which indicates that the source rocks are mainly composed of post-Archean felsic igneous rocks and recycled sedimentary rocks. Such chemical features reflect a predominant post-Archean felsic rocks as the source provenance. The source rocks for the Paleogene sedimentary rocks were mainly derived from the Paleozoic and Mesozoic sedimentary rocks cropping out in the adjacent highs around the basin. This suggests that these materials had not been completely eroded by the end of second stage of Shahejie Period (Es2). Sr-Nd isotopic compositions of the Cenozoic sedimentary rocks also show difference in provenance between the Paleogene and Neogene deposits; e.g., the lower 87 Sr/ 86 Sr and higher 143 Nd/ 144 Nd in the Paleogene sedimentary rocks were resulted from the addition of contemporaneous basaltic lavas, while an increase of 87 Sr/ 86 Sr and decrease of 143 Nd/ 144 Nd in Neogene sediments suggest more important contribution of the Archean-Proterozoic felsic rocks. Therefore, the Paleozoic sedimentary rocks covering old metamorphic crystalline basement rocks may not be totally denuded at the surrounding uplifts and highs during the period of Es2. This inference is also supported by the fact that Paleozoic sedimentary rocks still can be found in some highs and uplifts.
